This study examined postoperative heart failure (HF) and respiratory failure (RF) complications and related healthcare utilization for one year following cardiac surgery.
Results
Of 10,298 patients with HF complications, 1,714 patients (16.6%) developed persistent HF; of the 10,385 RF patients, 175 (1.7%) developed persistent RF. Healthcare utilization for those with persistent complications over the one-year period following index hospital discharge comprised an average number of the following visit types: Inpatient (1.49 HF; 1.55 RF), Outpatient (2.02, 0.51), ED without hospital admission (0.33, 0.13), ED + Inpatient (0.08, 0.06). Per patient annual costs related to persistent complications of HF and RF were $20,857 and $30,745, respectively. There was a significant association between cardiac surgical type and the incidence of HF, with risk for isolated valve procedures (adjusted OR 2.60; 95% CI: 2.35-2.88) and CABG + valve procedures (adjusted OR 2.38; 95% CI: 2.17-2.61) exceeding risk for isolated CABG procedures. PLOS 
Introduction
Cardiac surgery represents a significant burden to the United States (US) healthcare system with over 294,000 coronary artery bypass graft (CABG) and valve replacement/repair procedures performed annually [1, 2] . Persistent impairment of cardiopulmonary function in patients undergoing cardiac surgery typically presents as heart failure (HF) and/or respiratory failure (RF) [3, 4] . While several studies [5] [6] [7] [8] examined rates of post-cardiac surgical complications for acute respiratory failure (patients treated largely prior to 2010; [5] [6] [7] ), studies with a primary objective of examining post-cardiac surgical heart failure are sparse and limited to non-US studies based on data prior to 2010 [9, 10] . US studies examining post-surgical acute RF report rates for prolonged mechanical ventilation, with recent rates of 9.0% (US Commonwealth of Virginia, 2006-2015, [8] ), and 14.5% (US Society of Thoracic Surgeons [STS] database, 1993-2007, with rates increasing from 11.9% to 16.5% over this period [1]) reported. Short-term healthcare utilization (and costs associated with HF and RF) during hospitalization is well-documented in the medical literature and available through databases which include the Healthcare Cost and Utilization Project (HCUP) database [11] . The reported mean costs per US hospital stay range from $10,500 to $14,631 for HF [12] [13] [14] [15] , and $15,987 to $40,744 for RF [8, 16, 17] .
The economic impact for treatment of HF and RF complications post cardiac surgery, however, goes beyond short-term index hospitalization. Publications regarding long-term healthcare utilization and costs of treating HF in the US either typically focus on specific populations, such as Veterans' Affairs beneficiaries with HF (a 98% male, 77% white population), or report aggregate costs [18, 19] . Publications regarding long-term healthcare utilization and costs to treat RF are limited to European studies evaluating specific interventions (i.e. nocturnal noninvasive ventilation) or specific patient subgroups (i.e. patients with chronic obstructive pulmonary disease (COPD); restrictive thoracic disease) [20] [21] [22] [23] [24] .
There is a gap in the published US healthcare literature surrounding the not-infrequent complications of HF and RF following cardiac surgical index visits. We utilized a large US electronic health records (EHR) database to evaluate the rates of these complications by year and procedure type among adult patients that underwent CABG and/or valve repair/replacement procedures. Healthcare utilization rates and costs for treating these complications over the year following surgery are presented.
Methods
We conducted a retrospective study using a US EHR database (Cerner Health Facts 1 , Kansas City, MO) which includes Health Insurance Portability and Accountability Act (HIPAA) compliant clinical and administrative data from 720 US hospitals and health systems, including 69
Patient population for one-year follow-up period
This study included patients who experienced HF or RF complications within the index cardiac surgical visit and with data available in the database over the one-year follow-up period.
To determine whether these complications persisted in the period after index visit discharge, we performed the following steps to obtain patient cohorts who required care in the year following their index cardiac surgical procedure.
Persistent heart failure cohort. To limit the evaluation to patients with newly developed HF during the surgical index visit, the study excluded patients who experienced postoperative acute on chronic HF (Table D in S1 File) within the surgical index visit from the final "persistent HF" cohort. We identified patients with persistent HF as those with at least two visits in the patient record over the follow-up period with a diagnosis for the visit being HF-related (Table E in S1 File).
Persistent respiratory failure cohort. The study identified patients with persistent RF as those with at least two visits in the patient record over the one-year follow-up period with a diagnosis for the visit being RF-related (Table F in S1 File). To restrict the final "persistent RF" cohort to patients with RF unrelated to chronic obstructed pulmonary disorder (COPD), we excluded patients with at least two visits within the patient record over the follow-up period with a primary diagnosis of COPD for the visit (Table G in S1 File).
Healthcare utilization and costs during one-year follow-up
The study quantified healthcare utilization for patients experiencing persistent HF or RF complications during the one-year follow-up period including inpatient stays, emergency department (ED) visits resulting in an inpatient stay, ED visits without a hospital admission, and outpatient visits.
This study obtained costs through US datasets and published US sources. We determined HF-and RF-specific inpatient costs from the US HCUP database (Agency for Healthcare Research and Quality, Rockville, MD [11] ). We extracted ED costs from published references identified via searches performed in PubMed, Embase, and Google Scholar databases [19, 25] . We calculated outpatient or physician office visit costs by assigning a Medicare Reimbursement Rate to relevant CPT codes [26] . The study inflated all costs to December 2018 US dollars (USD) using the United States Bureau of Labor and Statistics Consumer Price Index (CPI) inflation calculator [27] . We calculated one-year follow-up costs by multiplying the average annual number of visit types (inpatient, ED without a hospital admission, ED + inpatient, outpatient) by the cost of the visit type. This study did not specifically add a mortality factor to the cost calculation as it is included within the average healthcare utilization values over the year.
Statistical analyses
The study summarized baseline patient characteristics via counts and percentages for binary or categorical variables and with means and standard deviations for continuous variables. To evaluate trends over time for both postoperative HF and RF, we used the Cochran-Armitage test. We evaluated the association of post-surgical HF, and separately, RF, with isolated CABG, isolated valve, or CABG + valve procedures using a Chi-square test. We used a logistic regression model to quantify the relationship between surgical type and the complication of heart failure, adjusting for patient characteristics (surgery type and year, Charlson index [28] , gender, race, admission type [e.g. emergency, urgent, elective]) and hospital characteristics (census region, bed size, urban/rural, and teaching status). We conducted the study analyses using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results

Cardiac surgical index visit
We identified 52,432 patients who underwent cardiac surgery between January 1, 2011 and December 31, 2016 and fulfilled study inclusion criteria; 12,613 (24.1%) patients who met study criteria experienced heart failure during the index admission while 13,504 (25.8%) experienced respiratory failure ( Fig 1; Table 1 
demographics).
Complication trends. Over the study period (2011 to 2016), the rate of HF post cardiac surgery increased (p<0.0001), while conversely, the rate of RF complications decreased over this time period (p<0.0001) (Fig 2A) when evaluated via the Cochran-Armitage trend test.
Association between cardiac procedure type and complications. Chi-square tests revealed that there was a significant association between surgical type (isolated CABG, isolated valve, or CABG + valve) and complication rates for HF or RF (p<0.001 for each complication). Patients who underwent CABG + valve procedures had the highest complication rates (34.5%, HF; 36.1%, RF); patients who underwent isolated CABG procedures had the lowest complication rates (19.3%, HF; 22.8%, RF) ( Fig 2B) .
Given the significant association between a HF complication and cardiac surgical type, and the observed increase in HF complications over time (2011-2016), we performed a logistic regression analysis, adjusting for patient and hospital characteristics ( Table 2 ). Logistic regression modeling revealed that the odds of HF for patients undergoing CABG + valve procedures is 2.38 times the odds for an isolated CABG procedure ( 
One-year post surgery
Population with persistent heart failure or respiratory failure complications. We identified 10,298 and 10,385 patients who experienced HF or RF complications during the surgical index visit, respectively, and who had EHR data available for the one-year follow-up period post index hospital discharge (Fig 1) . After excluding patients with less than two HF-related follow-up visits and acute on chronic HF episodes, of those patients who experienced any HF, 1,714 had persistent HF over the one-year following index cardiac surgery (16.6%; Fig 1) . In similar fashion, after excluding patients with a COPD diagnosis and less than two RF-related follow-up visits, there were 175 patients that experienced persistent RF over the one-year following index discharge (1.7%; Fig 1) . When considering survivors of the index surgical visit with follow-up data available in the one-year period (N = 42,640), 4.0% had persistent HF (N = 1,714) and 0.4% had persistent RF (N = 175). Patients with persistent complications were largely male (HF: 60.3%, RF: 51.4%), Caucasian (HF: 75.1%, RF: 66.5%), and � 65 years of age (HF: 59.1%, RF: 60.3%) ( Table 3) .
Complication-related healthcare utilization during the year following surgery. The study quantified healthcare utilization for patients who experienced newly developed persistent HF and required ongoing treatment over the one-year following surgery (N = 1,714). HFrelated healthcare utilization over this period comprised the following average (SD) number of Table 4 ). The resulting average cost for HF complication-related visits among patients with persistent HF was $20,857 per patient over the year following cardiac surgery (Table 4) . Similarly, the study quantified healthcare utilization for patients who experienced persistent RF, outside the context of COPD, and required RF complication-related treatment over the year following surgery (N = 175). RF-related healthcare utilization over this period comprised the following average (SD) number of visits: 1.55 (0.82) inpatient stays, 0.51 (0.91) outpatient visits, 0.13 (0.48) ED visits without a hospital admission, and 0.06 (0.23) ED visits resulting in an inpatient stay (Fig 3; Table 4 ). The resulting average one-year cost of RF-related treatment visits among patients with persistent RF was $30,745 per patient (Table 4 ).
Discussion
Index visit
This study examined over 52,000 patients who underwent CABG, valve, or CABG + valve procedures in the USA between Jan. 1, 2011 and Dec. 31, 2016. Significant associations were observed between cardiac surgery type and the complications of heart failure and respiratory failure (p<0.001 for each complication). Overall, 24% and 26% of patients developed HF and RF complications, respectively. RF in the current study was defined by diagnosis codes for acute RF, procedure codes for mechanical ventilation and endotracheal tube placement, and included select pulmonary insufficiency codes (Table C in S1 File). A published analysis of US cardiac surgery patients with prolonged mechanical ventilation (>24 hrs) between 1993 and 2007 revealed an overall complication rate of 14.5% (STS database) [1] . A more recent study (2006 to 2015) from the US Commonwealth of Virginia, reported a post cardiac surgery prolonged ventilation (>24 hrs) rate of 9.0% [8] . These rates are not directly comparable to the rates in our study as prolonged ventilation > 24 hrs is more restrictive than the RF definition for the current study. Studies which focused on heart failure rates were non-US analyses of patients prior to 2011 [9, 29] . Vanky et al. studied a Swedish patient population undergoing aortic valve replacement between 1995 and 2005 and reported HF complication rates of 11.3-11.8% (aortic valve replacement to CABG, respectively) [9] . Since our study placed few restrictions on the study population (e.g., includes all adults, no restrictions on prolonged ventilation), the generalizability of the findings is increased to broader patient population. Trends analysis revealed that HF complications increased over the study period (p<0.0001), while RF complications decreased over this same period (p<0.0001). This RF trend differs from an earlier analysis examining prolonged mechanical ventilation (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) in which an increase over this time frame was observed (11.9% to 16.5%) [5] . In the present study, patients who had CABG + valve procedures experienced the highest rates for both HF and RF complications (34.5%, HF; 36.1%, RF), followed by rates for isolated valve procedures, and finally isolated CABG procedures (19.3%, HF; 22.8%, RF). This is not surprising given the fact that patients requiring revascularization in addition to valve surgery are typically sicker, with less well-preserved cardiac function. The size of the effect is important however. Patients undergoing combination surgery were twice as likely to develop cardiopulmonary morbidity as those undergoing isolated CABG (CABG + valve procedures vs. CABG: adjusted OR [95% CI]; 2.38 [2.17-2.61]). The increased incidence of HF complications over time likely reflects the increased underlying severity of cardiac disease present in the modern cardiac surgical population. These rates are significant and would be expected to increase risk for mortality [6, 9, 30, 31] , increase treatment costs [12, 13, 31] , extend hospital LOS [31] , and lengthen time in the intensive care unit.
Logistic regression modeling for heart failure revealed additional factors associated with increased risk for the complication of heart failure including African American or non-Caucasian race, higher Charlson comorbidity index, an urgent or emergency (vs. elective) cardiac procedure, and female gender. Although the clinical significance is unclear, there was a significantly reduced risk of HF for patients admitted to hospitals in the 300-499 bed-size category compared to hospitals with bed-size over 500 (0.72, 95% CI: 0.53-0.98). No other differences in risk were observed for other hospital bed size categories.
One-year post cardiac surgery
This study found that in patients undergoing cardiac surgery, persistent cardiac dysfunction is more prevalent than persistent RF, with rates of 16.6% and 1.7%, respectively, indicating an Based on their healthcare utilization, patients who suffered persistent post-surgical HF and RF complications incurred significant costs in the year following index hospital discharge due to need for continuing treatment (HF: $20,857 per patient, RF: $30,745 per patient). If complication rates are minimized in the index visit, this would be expected to not only result in direct, but also indirect cost savings related to loss of productivity, care-giver services, reduced use of community healthcare services, and other related expenses.
Limitations
This study has several limitations. Although we implemented steps to reduce the risk that complications were erroneously identified, it is probable that coding errors exist which could confound complication identification. The study could detect patient healthcare utilization only if the patient returned to a Cerner facility with a data use agreement. We avoided under-estimation of rates by restricting analysis to patients with established visits spanning the study time period. We identified presence of chronic conditions by examining diagnosis codes during the index visit and in the following year. We did not compare healthcare utilization in the pre versus post hospitalization periods. This study quantified only direct healthcare costs inclusive of care at site of service and did not include indirect costs (e.g. patient transportation, home care, prescriptions, loss of productivity etc.). Unmeasured potential confounding factors may exist for the risk-adjusted model such as surgical duration, treatment choices of cardiac surgeons, cardiac anesthesiologists, and timing surrounding use of vasopressors. However, given the cohort size and number of hospitals, these risks are likely less important.
Conclusion
This study demonstrates that complications occurring during a cardiac surgical admission have long-term consequences, resulting in additional healthcare utilization and costs to the US healthcare system. Reducing heart failure and respiratory failure complication rates would be expected to improve patient outcomes and result in direct and indirect cost savings. The use of advanced medical technologies and interventions may provide a potential solution; however, comparative clinical and cost effectiveness analyses are needed to determine which products and technologies are most clinically and financially beneficial for preventing post-surgery complications. [11] e [26] f [19] g [25] h Emergency department visit resulting in an inpatient stay: Cost inclusive of both ED visit and hospital admission https://doi.org/10.1371/journal.pone.0226750.t004
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